The human immunodeficiency virus type 1 (HIV-1) matrix protein forms a structural shell associated with the inner viral membrane and performs other essential functions throughout the viral life cycle. The crystal structure of the HIV-1 matrix protein, determined at 2.3 Å resolution, reveals that individual matrix molecules are composed of five major helices capped by a three-stranded mixed ␤-sheet. Unexpectedly, the protein assembles into a trimer in three different crystal lattices, burying 1880 Å 2 of accessible surface area at the trimer interfaces. Trimerization appears to create a large, bipartite membrane binding surface in which exposed basic residues could cooperate with the N-terminal myristoyl groups to anchor the protein on the acidic inner membrane of the virus.
The 55-kDa human immunodeficiency virus type 1 (HIV-1) Gag polyprotein contains all the information necessary to encapsidate the viral RNA genome, direct the assembly and budding of viral particles, and organize the envelope protein on the virion surface (for reviews see refs. [1] [2] [3] . Genetic studies have established that the N-terminal matrix domain of Gag is responsible for membrane targeting (4-7) and envelope binding (8) (9) (10) (11) , whereas the downstream capsid and nucleocapsid domains contain the primary determinants for Gag assembly (12) (13) (14) (15) (16) (17) and RNA encapsidation (18) (19) (20) (21) (22) (23) . As the assembling virion buds, Gag is processed by the viral protease to produce three discrete proteins: matrix (p17, residues 1-132), capsid (p24, 133-363), and nucleocapsid (p7, 378-432), as well as three smaller polypeptides. Proteolytic processing of Gag is necessary for subsequent maturation of the virion into an infectious viral particle. Viral maturation is characterized by a dramatic condensation of the capsid and nucleocapsid proteins into an electron dense cone surrounding the RNA genome, while the matrix protein remains behind in a shell associated with the inner face of the viral membrane (24) (25) (26) (27) .
The matrix polypeptide performs essential functions throughout the viral life cycle both as a domain of Gag (prior to proteolytic processing) and as a discrete protein (following processing). Mutational analyses have revealed that sequences near the N terminus of matrix are responsible for localizing the assembling Gag protein to the inner leaflet of the cell membrane. Both the N-terminal myristoyl group (4, 5) and a series of basic residues within the first 50 amino acids of matrix are required for the membrane localization of Gag (6, 7) . Tight membrane binding therefore appears to require both insertion of the myristoyl group into the lipid bilayer and ionic interactions between the basic matrix residues and the acidic membrane surface (28, 29) . The matrix domain of Gag also appears to organize the transmembrane subunit (TM; gp41) of the envelope protein on the surface of the virus since envelopedeficient viral particles can result from mutations in either matrix or the intracellular domain of TM (8) (9) (10) (11) .
The processed matrix protein participates in the trafficking of the viral replication particle early in the viral life cycle. Large deletions within the C-terminal 27 amino acids of matrix result in viruses that assemble, bud, and mature normally but cannot productively infect a new cell (30) . The C terminus of matrix is therefore dispensable for viral assembly but required for viral entry. Upon entry, a phosphorylated subset (Ϸ1%) of matrix molecules are bound to viral integrase proteins and thereby remain stably associated with the viral genome during reverse transcription and nuclear localization (31, 32) . In this context, matrix displays one of the two redundant nuclear localization signals responsible for uptake of the large proviral preintegration complex (33, 34) . Proviral nuclear localization is unique to the lentiviral class of retroviruses and may allow HIV-1 to replicate in nondividing cells, including terminally differentiated macrophages (31, 33, 34) [although this conclusion has been disputed (35, 36) ]. In an effort to understand the structural bases for the diverse functions of the matrix protein in the HIV-1 viral life cycle, we have determined the protein's structure in two different crystalline lattices. †
EXPERIMENTAL PROCEDURES
Matrix Protein Purification. Recombinant HIV-1 matrix protein (residues 0-132) was expressed and purified as described (37) . Recombinant matrix was identical to authentic HIV-1 NL4-3 matrix except for an additional N-terminal residue (His-0), the retention of Met-1, and the absence of an Nterminal myristoyl modification. Selenomethionyl (SeMet) matrix was produced by introducing a Leu-61 to Met mutation and expressing the protein in the methionine auxotroph B834(DE3) (38) grown in M9 minimal medium supplemented with selenomethionine (60 mg͞liter). Quantitative incorporation of SeMet was confirmed by electrospray mass spectrometry.
Crystallization. Three different matrix crystal forms were grown under similar conditions at 4°C in sitting drops from a protein solution of matrix (11 mg͞ml) in 10 mM Tris⅐HCl, pH 8.0͞1 mM EGTA͞5 mM 2-mercaptoethanol ( Table 1) . The drops contained equal volumes of protein and reservoir solutions. The reservoir solutions were as follows: form I, 30% (wt͞wt) PEG MME 2K, 0. (39) . Crystallographic computations were performed using programs from the CCP4 suite (40) except where noted.
Form I Crystal Structure Determination. Mercury and selenium (SeMet) sites were identified in Patterson and difference Fourier maps and refined with MLPHARE to a figure of merit of 0.52 at 5.0 Å. These sites revealed the noncrystallographic symmetry (ncs) of two trimers in the asymmetric unit. Averaging of the 5 Å multiple isomorphous replacement (MIR) map using ncs operators obtained from the heavy atom positions showed cylinders of density corresponding to ␣-helices. The matrix NMR structure (37) was used as a rough guide for constructing the initial molecular envelope but not directly for phase calculations. Subsequent density modification (subunit averaging, solvent flattening, and histogram shifting) with the program DM resulted in a map that was readily interpretable even at 3.5 Å resolution. Iterative improvements were made to the molecular envelope and ncs operators as the model building and refinement progressed. Model phased difference Fourier maps were used to add and reject some minor heavy atom sites and to locate selenate anions. Subsequent heavy atom refinement and density modification (Tables 2 and 3 ) gave an experimental map of high quality (see Fig. 1 A) .
Refinement. Atomic refinement was performed with X-PLOR (41) using simulated annealing, positional and B-factor refinement interspersed with rounds of rebuilding using the program O (42) . Ordered residues for the six independent molecules are as follows: A, 7-121; B, 7-116; C, 7-119; AЈ, 7-118; BЈ, 7-109; CЈ, 7-111. An unassigned 53 Å-long tube of density was observed in the MIR͞DM map and at Ͼ2.5 in the final F o Ϫ F c map. We speculate that this featureless density, which wraps about Trp-36 and Trp-36Ј and extends into hydrophobic grooves atop the A and AЈ molecules, may be an ordered PEG molecule binding in the site normally occupied by myristate when matrix is not membrane associated. An analogous situation has been observed for cAMP-dependent kinase, where a detergent molecule in the unmyristoylated protein structure partially fills the normal myristate binding site (43) .
While the R factor (25.9% on all 2.3 to 8.0 Å data) is higher than usual for protein structures at 2.3 Å resolution, this probably results largely from the unassigned PEG density and the conservative number (70) of assigned water molecules in the model. Inclusion of only the most reliable water molecules is reflected in the relatively low B value for solvent (see Table  3 ). In addition, 140 residues (18% of total) have been omitted from the model because they lack defined density. These residues may have partial order and thus may contribute to the high R factor. A number of criteria establish the correctness of the structure: (i) The experimental electron density map is of high quality. (ii) All 598 non-Gly residues in the asymmetric unit have and angles within the allowed region of a Ramachandran plot, except residues 45 of B and 110 of CЈ, which are both within the generously allowed region. Form II Crystal Structure Determination. Data collection from a form II crystal was as described for form I crystals. The structure was determined by molecular replacement with AMORE using the form I trimer as the search model. Form II crystals contain one trimer in the asymmetric unit with the ncs threefold axis parallel to the crystallographic c axis. Preliminary refinement and inspection of simulated annealing omit N, native; Hg, thimerosal derivative; SeMet, selenomethionyl derivative; Se, Selenate soaked derivative. Statistics are for form I crystals except for N(II), which is the native data for form II crystals. Native data for form I crystals were collected to 2.5 Å on an RAXIS͞RU200 and to 2.3 Å on a MAR detector at SSRL7.1. These two data sets were combined in SCALEPACK to give the data set used in phasing and refinement calculations. All other data were collected on an RAXIS͞RU200 except for the form II data, which were collected on a MAR detector at SSRL7. 1͞2 , where FH is the structure factor of the heavy atoms and E (lack of closure error) ϭ ͉FPH(obs)͉ Ϫ ͉FPH(calc)͉. (1996) maps indicates that form I and form II trimers are identical at this resolution.
RESULTS AND DISCUSSION
Three different crystal forms of the HIV-1 matrix protein were obtained, two of which diffract to high resolution ( Table 1) . The P2 1 matrix crystal structure was solved at 2.3 Å resolution by MIR and was subsequently used to solve the P6 1 22 structure at 2.85 Å resolution by molecular replacement. The P2 1 crystal form contains six matrix molecules in each asymmetric unit (designated A,B,C and AЈ,BЈ,CЈ), arranged as two independent trimers. The six crystallographically independent matrix molecules are very similar and align with pairwise rmsd of 0.29-0.79 Å (C ␣ 7-109). The P6 1 22 crystal form also contains a single copy of the same matrix trimer. The third crystal form, space group P321, shows a clear relationship in unit cell parameters to the P6 1 22 crystals, strongly suggesting that the same noncrystallographic trimer of the P2 1 and P6 1 22 crystals also occurs as a crystallographic trimer in the P321 crystal form. We observe no significant differences between the structures of individual matrix molecules in the P2 1 and P6 1 22 crystal forms and therefore describe only the P2 1 structure in detail.
The first 104 amino acids of the matrix protein form a single globular domain composed of five major helices (1-5) and capped by a three-stranded mixed ␤-sheet (strands 1-3) ( Fig.  1 B and C) . The structure is organized about a central, buried helix (helix 4, red), which spans the domain and makes hydrophobic contacts with all the other secondary structural elements, including an extensive antiparallel interaction with helix 3. Exposed basic residues in the cationic globular domain are strikingly clustered about the mixed ␤-sheet (Lys-15, Lys-18, Arg-20, Arg-22, Lys-26, Lys-27, Lys-39, Lys-95, and Lys-98) and the exposed face of helix 2 (Lys-32, Lys-39, and Arg-43). This basic patch functions as both the protein's membrane binding surface (6, 7) and nuclear localization signal (33, 34) . Helix 5 projects away from the packed helical bundle (Fig. 1C) , making the C-terminal 28 residues structurally distinct from the rest of the protein. The structure therefore rationalizes why deleterious mutations and deletions throughout the first 104 amino acids of matrix have different phenotypes (aberrant assembly, membrane binding, envelope binding, or nuclear localization) from deleterious deletions near the C terminus (blocked viral entry).
The matrix crystal structures reported here generally agree well with previously reported NMR solution structures (37, 46) . Average crystallographic C ␣ positions 7-109 align with our current lowest-penalty NMR structure with an rmsd of 1.9 Å. The C-terminal helix (5) is significantly longer in the crystal, however, and the loop connecting helices 3 and 4 positions (67-72) rearranges upon matrix trimerization (see below). The crystal structure also resolves differences between the two independently determined matrix NMR structures. In particular, helix 1, which was well defined in only one of the matrix NMR structures (37) , is clearly observed in the crystal structure.
As noted previously (47), helices 2-5 of HIV-1 matrix superimpose upon helices 1-4 of interferon-␥ (backbone atom rmsd ϭ 2.9 Å) (48, 49) . The proposed dimerization of matrix (47, 50) via an interlocking helical structure as seen for interferon-␥ is prevented, however, by tight contacts between matrix helices 2-5 and the additional packing of helix 1 against helices 2 and 4. Instead, the HIV-1 matrix protein forms trimers in all three crystal forms (Fig. 2) . The intersubunit trimer interfaces are hydrophilic and bury a total solvent accessible surface area of 1880 Å 2 (average, 627 Å 2 per interface). The interfaces are created by packing the L3 loop (including helix 2Ј) against the L4 loop, creating a series of intermolecular hydrogen bonds (Fig. 2 A) .
Although matrix trimerization was unexpected, the structure appears consistent with a number of morphological, genetic, and biochemical observations. A model orienting the matrix trimer on the viral membrane is shown in Fig. 3 . In this orientation, the C-terminal fifth helices project downward from the flat triangular assembly, as if toward the center of the virus. This would leave the capsid and nucleocapsid polypep- Proc. Natl. Acad. Sci. USA 93 (1996) tides free to condense toward the center of the virus following proteolytic processing at the C terminus of matrix. The model also suggests how the N-terminal myristoyl groups and Nproximal basic residues could act in synergy to stabilize the matrix trimer on an acidic membrane. In the proposed orientation, all three myristate aliphatic chains could insert into a lipid bilayer positioned above the trimer. Basic residues on the upper surface of the trimer would then be oriented to make ionic interactions with phospholipid head groups on the membrane surface (Fig. 3) . In fact, this surface binds sulfate anions in the crystal. Four apparent sulfate binding sites were observed in initial maps of each trimer and confirmed in difference maps calculated from crystals soaked in ammonium selenate (Table 1) . Three sulfates bind to individual matrix subunits over the open ends of the ␤-hairpins connecting strands 1 and 2, and a fourth sulfate binds just above the center of the trimer, making contacts with the A and C subunits (Fig. 2C) . Several studies have implicated the cluster of N-proximal basic residues in HIV-1 Gag membrane binding (6, 7) . Recently, Freed and coworkers (36) have used site-directed mutagenesis to evaluate the importance of individual basic matrix residues in viral replication. Single and double amino acid substitutions of matrix residues Lys-18, Arg-20, and Arg-22 had no measurable effect on viral assembly and release in cultured HeLa cells, whereas substitutions at basic residues located immediately downstream (Lys-26, Lys-27, Lys-30, and Lys-32) reduced total virion production significantly. Locations of basic residues that are essential (magenta) or dispensable (green) for optimal viral replication are shown in Fig. 3 . Strikingly, the essential basic residues are all located on the putative membrane binding surface of the trimer, whereas (1996) nonessential basic residues are further removed from the membrane. Although the matrix trimer appears to explain a number of important biological observations, the relevance of this structure for HIV-1 virion architecture and assembly remains to be elucidated. The role, if any, of matrix trimerization in viral assembly is not clear since the Gag protein preferentially assembles into higher-order oligomers (52-61) and since the major determinants for viral assembly map to the capsid and nucleocapsid domains of Gag (12) (13) (14) (15) (16) (17) . Nevertheless, a role for the matrix domain in Gag assembly is suggested by several observations: (i) mutations and deletions in central matrix residues , which span the trimerization contacts, can abolish viral assembly (8, 62, 63) ; (ii) expressed simian immunodeficiency virus matrix protein reportedly assembles and buds in the absence of any other viral proteins (64) ; and (iii) a peptide spanning matrix residues 47-59 (H2Ј, L3, and H3) inhibits the assembly of cultured virus (12) . Although trimerization of the matrix domain could accompany higher-order Gag oligomerization, it is alternatively possible that matrix does not function as a trimer during viral assembly. In either case, we expect that as Gag assembles the orientation of the membrane binding ''head'' of matrix will be similar to that shown in Fig. 3 .
The arrangement of matrix trimers in the P6 1 22 crystal lattice does bear a striking resemblance to one existing model for Gag assembly. Low-resolution electron microscopic studies of Gag molecules assembled on inner cell membranes led Nermut and coworkers (26, 27) to propose that Gag preferentially assembles into a two-dimensional lattice composed of interlocking six-membered rings, in which each ring shares single subunits with three neighboring rings. Their proposed lattice formally has p3 symmetry and a unit cell spacing of 66 Ϯ 8 Å. We observe that matrix trimers in the xy plane of the P6 1 22 crystal form pack into an identical p3 lattice with a unit cell spacing of 72.8 Å. This lattice creates an array of large (Ϸ1500 Å 2 ), threefold symmetric holes between matrix trimers. These holes are potential binding sites for the 17-kDa intracellular domain of the transmembrane envelope protein, which also appears to be a trimer (65) (66) (67) (68) [although other oligomeric states have also been suggested (69) (70) (71) (72) (73) ]. We do not, however, observe direct interactions between matrix trimers in the xy plane that would serve to stabilize this lattice on a two-dimensional membrane surface.
A more likely role for matrix trimerization is in constructing the matrix lattice of the mature HIV-1 virion. The outer lattice of the virus reportedly rearranges upon maturation (26) , suggesting that matrix-matrix interactions may change as the subunits of Gag repack. Others have recently observed that trimers are the predominant multimeric state of matrix following glutaraldehyde-crosslinking in solution (L. Ehrlich and C. Carter, personal communication). Matrix-matrix interactions appear intrinsically weak, however, and our recombinant, unmyristoylated matrix protein is predominantly monomeric in solution, even at millimolar concentrations. Nevertheless, weak interactions could mediate matrix trimerization in the mature virion, where the nominal concentration of the Ϸ2000 copies of matrix in the 100-nm-diameter virion is Ϸ6 mM. Moreover, the effective local concentration of matrix will be much higher since the protein is concentrated and bound in a fixed orientation by the viral membrane. As shown in Fig. 3 , the mutually compatible trimerization and membrane binding sites of matrix could therefore cooperate in assembling the mature viral matrix lattice.
In summary, the HIV-1 matrix protein consists of two structurally and functionally distinct regions: an N-terminal globular domain involved in protein assembly, membrane binding, and envelope incorporation, and a C-terminal region that projects away from the body of the protein and may play a role in viral entry. Matrix trimerization, which remains to be confirmed in vivo, appears to explain how the protein binds to the inner viral membrane and guides possible models for virion architecture. The crystal structure of the matrix trimer also provides the basis for designing new antiviral agents that inhibit assembly, disassembly, and͞or membrane binding of the HIV-1 matrix protein shell.
Note Added in Proof. The x-ray crystal structure of the simian immunodeficiency virus (SIV) matrix protein was published after this manuscript was submitted and refereed (73) . HIV-1 and SIV matrix share Ϸ50% sequence identity and the two proteins adopt very similar structures, except near their C-termini where the extended fifth helix of HIV-1 matrix is replaced by a ␤-hairpin structure in SIV matrix (residues 110-117). SIV MA also crystallized as a trimer that is essentially identical to the HIV-1 matrix trimer reported here, supporting our hypothesis that matrix trimerization is a fundamental feature of lentiviral assembly. Intriguingly, SIV matrix trimers crystallized in a planar p3 net that is similar to the trimeric arrays seen in HIV-1 MA crystal forms II and III.
Although the biological relevance of matrix trimerization remains to be established, several earlier reports favoring matrix dimerization have very recently been reinterpreted and are now consistent with trimerization. Balyaev et al. (74) initially reported that SIV matrix crystallized in space group C2, a result that was consistent with matrix dimerization but not trimerization. The C2 space group assignment has now been corrected, however, and the structure solved as a trimer in space group R3 (73) . Similarly, Matthews et al. (47) initially proposed that HIV-1 matrix might form interlocked dimers based on an NMR model of the protein. However, their fully refined HIV-1 matrix structure contains an N-terminal helix (helix 1) that sterically precludes this dimerization mode (75) . This helix is also seen in our crystal structure and in another HIV-1 MA NMR structure (37) . A remaining discrepancy is a report that HIV-1 matrix protein forms dimers, rather than trimers, in solution (47) .
